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The use of flexible roof diaphragms is very common in the United States, both for 
multi-family residential buildings and large-scale commercial buildings. Due to its 
simplicity, the traditional diaphragm design method is commonly used in diaphragm 
design, in particular for the design of diaphragms with relatively small dimensions. The 
traditional diaphragm design method assumes the axial forces developed in framing 
members under in-plane loading carried only by the perimeter chords. The traditional 
diaphragm design method has always been thought to be a conservative design method, 
especially when applied to large diaphragms. In recent years, the engineering community 
began to question the applicability of the traditional diaphragm design method. A new 
design approach known as the collective chord design method was proposed by Lawson 
(2007) to analyze the chord forces for very large flexible roof diaphragms. This method 
utilizes strain compatibility of a simple beam to estimate the axial forces in chord 
members. According to this method, the axial force carried by each continuity chord is 
proportional to its distance from the neutral axis. Since the collective chord method 
distributes the axial forces to intermediate chord members, the axial forces in the 
perimeter chords or end chords usually are much smaller than that estimated by the 
traditional diaphragm design method. While, the collective chord method yields more 
economical design than the traditional method (due to smaller forces in the end chords), 
the design assumptions have not been fully verified via full-scale experiment or rigorous 
analytical models (e.g. finite element models).  
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The main objectives of this thesis study were (1) to perform numerical analysis of 
large panelized all-wood roof diaphragms to observe the chord force and shear force 
distributions under in-plane loading, and (2) to use the analysis results to determine the 
applicability of the traditional and collective chord design methods. 
The roof diaphragms utilized in this study were numerically modeled using a 
program called M-CASHEW (Matlab - Cyclic Analysis of Shear Walls), which was 
initially developed to analyze wood shear walls. The M-CASHEW program was 
modified to include new features for modeling large panelized diaphragms. The M-
CASHEW diaphragm model was validated by comparing the data from actual diaphragm 
tests to the model results. Various sensitivity analyses were performed to calibrate the 
most computationally efficient modeling parameters, in terms of both the computational 
demand (speed) and accuracy, for use in large diaphragm analysis.  
The calibrated diaphragm modeling parameters were then used to model the 
behavior of a case study all-wood panelized roof diaphragm. The dimensions of the case 
study diaphragm were 192 ft x 96 ft. Analyses were performed for both loads applied in 
the longitudinal and transverse directions (i.e. aspect ratios of 2:1 and 1:2). Twelve large 
diaphragm models were created to investigate the influences of various modeling and 
construction parameters (e.g. uniform nail schedule versus multiple nail zones) on the 
overall performance of the large diaphragm. The results obtained from numerical 
analyses were compared to the calculations of the traditional as well as the collective 
chord design methods.  
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For the case study diaphragm with an aspect ratio of 2:1 (length to width), i.e. 
with uniform load applied perpendicular to the longitudinal direction, the analysis results 
showed that the tension force in the longitudinal chord member at one-quarter of the 
width from the end chord in tension was about 10% of that in the end chord (Fo). 
According to the collective chord method, this chord should carry a tension force equal to 
50% of Fo. This suggests that the collective chord method has the potential of 
overestimating the forces in the intermediate chords. The influence of diaphragm aspect 
ratio on chord force distribution was studied using three diaphragms of different aspect 
ratios (1:2, 2:1 and 4:1). The results showed that the chord force distributions for the 
range of aspect ratio considered did not follow the collective chord model. The analysis 
results also showed that the traditional diaphragm design method is not overly 
conservative and may be used for large diaphragm design. The behaviors of diaphragms 
with different sheathing nail schedules were also investigated. The results confirmed that 
the use of multiple nail zones, which is a common practice in panelized roof construction, 
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Chapter 1  
INTRODUCTION 
A roof diaphragm is a vital structural element in a building for resisting lateral 
forces developed due to wind loads or earthquake motions. A roof diaphragm has two 
main structural functions. One is to carry the out-of-plane loads (e.g. dead and wind 
loads) and distribute them to the vertical supports. The other function is to transfer lateral 
forces to the foundation through the vertical components of the lateral force resisting 
system (e.g. shear walls). A roof diaphragm carries lateral forces by developing in-plane 
stresses. When carrying lateral forces, it can be thought of analogous to a thin and very 
deep I-beam.  Collectively, the sheathing panels act as the web and the chords or framing 
members act as the flanges of the I-beam.  
The in-plane flexibility of a diaphragm affects the distribution of lateral forces to 
the shear walls. For design purpose, diaphragms can be categorized into three different 
types, namely flexible, rigid and semi-rigid diaphragms. Flexible diaphragms distribute 
forces to shear walls based on the tributary area while rigid diaphragms distribute lateral 
forces based on the stiffness of the shear walls. Rigid diaphragms are assumed to have 
infinite in-plane stiffness properties whereas semi-rigid diaphragms are analyzed 
assuming actual in-plane stiffness properties and behavior. The use of flexible roof 
diaphragms is very common in the United States (U.S.), both for multi-family residential 
buildings and large-scale non-residential structures. In particular, large flexible roof 





warehouses in excess of one million square feet (Lawson and Yarber 2013). These large 
roof diaphragms typically consist of either metal decking or wood structural panels on a 
low-slope open-web steel joists or all-wood framing system. Due to the sheer size of 
these large diaphragms, the design and construction of large flexible diaphragms present 
many engineering challenges.  
Rather than fabricating large diaphragms in-place on the roof, several new 
construction methods have been developed over the years to make the large diaphragm 
construction more efficient and economical. One of the faster and more cost-effective 
ways to build very large roof diaphragms is the panelized roof construction method 
(Figure 1.1). A panelized roof system may be made up of all-wood system or a hybrid 
system consisting of wooden sheathing and open-web steel joists as the girders. In 




panelized roof construction, the sheathing panels are first assembled on the ground and 
the pre-fabricated panelized subassemblies are then lifted into place. Each panelized roof 
subassembly consists of oriented strand board (OSB) or plywood panels attached to a set 
of sub-purlins (stiffeners) which are then attached to a single purlin (see Figure 1.1). 
These pre-framed panelized units are lifted into position on the roof and assembled 
together by connecting the sub-purlins to purlins, purlins to girders, and then finally panel 
nailing along three edges of each pre-framed unit is performed (see Figure 1.1). A 
panelized roof system is a good construction alternative to traditional roof construction, 
in particular, for large low-slope roof structures. This construction method is not only 
cost effective and fast; it is also one of the safest construction techniques. Since most of 
the work is performed on the ground, workers spend minimal amount of time on the roof; 
hence minimizing the possibility of accident. While large panelized roof systems offer 
many benefits, the actual behavior of these large diaphragms is not fully understood and 
may be different from the conventional smaller flexible diaphragms. Therefore, the 
current and past design practices may not be appropriate for these large panelized 
diaphragm systems.  
The traditional diaphragm design method assumes that the axial forces developed 
due to in-plane lateral loads are carried only by the perimeter chords (Figure 1.2). While 
this approach simplifies the design process, the assumptions used in the traditional 
approach to analyze the chord forces in diaphragm may not be applicable to very large 
diaphragms. Starting from approximately two decades ago, the engineering community 
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Figure 1.2:  End chord forces based on traditional diaphragm design 
method. 
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(Bender et al. 1996; Lawson 2007). For instance, assuming that the interior chords do not 
participate in carrying applied load may lead to excessively high axial force demands in 
the perimeter chords resulting in unrealistic large sizes for the perimeter chords. As a 
result, this may lead to an overly conservative and uneconomical design. Thus, for a large 
roof diaphragm system, a more rigorous analysis of the distribution of forces in the 
framing members may be warranted. 
A new design method known as the collective chord design method was recently 
introduced by Lawson (2007) to analyze the chord forces in diaphragms. According to 
Lawson (2007), the continuous framing members within a diaphragm may function 
intentionally or unintentionally as collective chords, which carry significant amount of 
loads. The collective chord method utilizes strain compatibility to estimate the forces in 
perimeter and intermediate chord members. According to this method, the axial force 
carried by each continuity chord (or tie) is proportional to its distance from the neutral 
axis (Figure 1.3). Since the middle chords also participate in carrying applied lateral load, 
the axial forces in the perimeter chords computed using the collective chord design 
method could be significantly smaller than that of the traditional design method. While 
the collective chord design method may yield designs that are more economical than that 
of the traditional design approach, the collective chord design assumptions have not been 
properly evaluated and verified. One of the main goals of this study was to evaluate the 












Figure 1.3:  Axial force distribution based on collective chord design method. 












The collective chord design method is based on the Euler-Bernoulli beam theory, 
commonly known as the simple beam theory. According to the Euler-Bernoulli beam 
theory, plane sections are assumed to remain plane in bending and the normal stresses are 
assumed to distribute linearly across the depth of the beam. In other words, the Euler-
Bernoulli beam theory assumes a pure bending condition and shear deformations are 
ignored. Since the typical aspect ratio of large roof diaphragms is closer to that of a deep 
beam than a slender beam, the distribution of the chord forces may deviate from that 
assumed for a pure bending condition. The main objective of this research was to 
examine the applicability of the collective chord design method by modeling the behavior 
of large panelized roof diaphragm systems numerically. The sub-objectives of this study 
were: 
 To determine the axial force distribution in the continuous chords and compare 
them to that estimated using the collective chord design method; 
 To determine the effects of chord members continuity (slip versus non-slip) on the 
distribution of chord forces in the diaphragm; 
 To determine the effects of nail schedules (uniform versus multiple nailing zones) 
and sheathing nail stiffness on the in-plane stiffness of diaphragm; and 






Chapter 2  
BACKGROUND AND RELEVANT STUDIES 
 
According to the U.S. design standard ASCE 7-10 section 12.11.2.2.1, for seismic 
design category C and higher, diaphragms must be designed with continuous ties or struts 
between the diaphragm chords to distribute anchorage forces into the diaphragm (ASCE 
2010). Per this design provision, each sub-purlin needs to be continuous which results in 
a large number of connections needed to achieve the continuity requirement (Figure 2.1).  
 
The sub-diaphragm design method (Figure 2.2) can be used to reduce the number 
of connections required in a large diaphragm. A sub-diaphragm is a portion of a larger 
diaphragm designed to anchor and transfer the local anchorage forces to the primary 
Continuous ties for sub-purlins






diaphragm struts and main diaphragm (2006 IBC, §2302.1). The maximum length to 
width ratio of structural sub-diaphragm allowed in design code is 2.5:1(ASCE 7-10, 
§12.14.7.5.1). However, when a large diaphragm is constructed from a number of sub-
diaphragms, as per the code provisions, one must ensure that the added chords in sub-
diaphragm are able to transmit anchorage forces to the main ties (ASCE 7-10, 
§12.14.7.5.1). Figure 5 illustrates the load transfer of anchorage forces to sub-
diaphragms. As can be seen, the anchorage forces from wall are transmitted to sub-
diaphragms via the main-ties or primary diaphragm struts (girders). Since only the chords 
of sub-diaphragm need to be designed as continuity ties, the total number of connections 
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The underlying assumption in traditional approach of designing a wood 
diaphragm is that the chords present in the perimeter of the diaphragm develop tension 
and compression forces to resist the moment developed due to the applied loading. This 
design assumption works well for small diaphragms. However, if the diaphragm is 
considerably large in plane dimensions and has multiple continuity ties (continuous 
purlin or girder lines) throughout its span, by ignoring the middle chords or ties,  the 
computed design compression and tension forces in the end chords may be unreasonably 
large and exceed the compression strength of the end chords; hence limiting the 
diaphragm design capacity.  
Major building codes including the International Building Code (IBC) allow the 
calculation of diaphragm strength by principle of mechanics using fastener strength 
values and sheathing shear resistance (IBC 2006, §2305.1.1). Several authors have 
developed analytical methods to evaluate the contribution of middle chords in carrying 
the diaphragm load. One of the methods that have seen increasing acceptance in the 
engineering community in recent years is the collective chord model introduced by 
Lawson (2007). This method utilizes strain compatibility for diaphragm analysis. The 
axial force in each continuous chord (made continuous using steel connectors) is assumed 
proportional to its distance from the neutral axis, which is taken to be at the mid-height of 
the diaphragm (Figure 2.3). Based on this assumption, it has been shown that the axial 
force in the end chord ( oF ) can be computed using the following equation (Lawson 





( )( 2 )o
sM
F
b s b s

 
                (1.1) 
where, s  is  the spacing between the continuous chords and b  is the diaphragm width. 
Here, M  is the maximum moment at mid-span of the diaphragm (i.e. at / 2L ), which is 
computed assuming the diaphragm behaves like a simply supported beam under a 
uniform load ( w ): 
L
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Figure 2.3:  Axial force distribution of collective chord model. 
Neutral Axis 
 












M     (1.2)  
 
If one assumes only the end chords participate in carrying the lateral load, the axial 




   (1.3) 
Equation (1.3) is the basic assumption behind the traditional diaphragm design 
approach, which yields higher end chord forces than the collective chord method when 
there are intermediate chord members. Taking the ratio of oF  to T  (i.e. divide Equation 
(1.1) by Equation(1.3)) yields the following expression: 
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  (1.4) 
Note that the total number of continuous chords ( n ) can be expressed in terms of the 
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Solving for  s  from Equation (1.5) and then substitutes the expression of  s  into 









   (1.6) 
As expected, the ratio of end chord forces determined using the collective chord model 





Figure 2.4 shows the reduction in end chord forces that can be achieved as the 
number of chords increases. It should be noted that three evenly spaced continuous 
chords do not offer additional benefit as the middle chord is located at the neutral axis, 
which does not carry any axial force.  As the plane dimensions or the width of the 
diaphragm increases, the number of chords usually increases as well. Hence, one can 
expect the collective chord design method to be cost effective for very large diaphragms. 
While the collective chord method appears to be beneficial for large diaphragms with 
multiple chord members, the axial force distribution of the collective chord model, 
namely Equation (1), which is based on the simple beam theory, has not been confirmed 
experimentally or analytically via detailed analyses (e.g. finite element model). One of 
the main objectives of this study is to examine and verify the speculated reduction in 





In order for the middle chords to carry axial loads, the axial stiffness provided by 
steel connections in the middle chords, referred hereafter as continuity ties, must be 
comparable to the axial stiffness of the end chords. According to Yarber (2012), even 
though the middle chords in a large diaphragm are not designed for transferring axial load 
per the collective chord model, due to the present of continuous cross-ties for wall 
anchorage system, these chord members may already be stiff enough to carry the axial 
load and, whether intentionally or unintentionally, already participate as per the collective 
chord design assumption. 












Figure 2.4:  Ratio of end chord forces computed using the collective chord 
method and the traditional diaphragm design method as a function of the total 




As stated previously, for seismic design category C and higher, continuity ties or 
struts between the diaphragm perimeter chords must be provided to distribute anchorage 
forces into the diaphragm (ASCE 7-10, §12.11.2.2.1). Continuity tie connections can be 
achieved by using a variety of steel connectors with nails, screws or bolts. The magnitude 
of the wall anchorage force of the diaphragm typically dictates the types of connections 
and assemblies used in continuity ties. Lawson and Yarber (2012) investigated whether 
the continuity ties in large wood diaphragm are stiff enough to provide the flexural 
stiffness required by the collective chord model. In their study, four different continuity 
tie assemblies with nails, screws and bolts (Simpson Strong-Tie HD7B with Single Sided 
and Double Sided configuration, HDU8-S2.5, and MST 60) were tested to determine the 
axial stiffness of each of these continuity tie assemblies.  
The first investigation by Lawson and Yarber (2012) was to determine if the 
connections’ stiffness was linear so that simple principle of mechanics could be used to 
compute the collective chord forces. Acceptance Criteria 155 (AC155 Acceptance 
Criteria for Hold-Downs (Tie-Downs) Attached to Wood Members) was used as a guide 
for the test in order to determine the number of specimens per series, the rate of loading, 
steel connector placement and etc. (AC155 2010) It was found that except for the 
Simpson-Strongtie MST 60 connection, the stiffness of all other connectors were found 
to be linear below the maximum allowable design load as given in Simpson Strong-Tie 
Catalog as well as per AC155 (Yarber, 2012). In addition, the test results showed that the 




The second investigation by Lawson and Yarber (2012) was to determine whether 
the continuity tie stiffness was comparable to the stiffness of traditional rebar chord, 
typically used in end chords, so that the collective chord model could be used for design. 
As a case study, a 480′ x 480′ building with 48′ bays and purlins at 8′ on center was 
analyzed. The continuity tie stiffness was found to be large enough compared to the 
perimeter steel chord to engage the continuity tie members to act collectively. Lawson 
and Yarber (2012) also found that the wall-to-roof anchorage force in the case study 
building was slightly larger than the chord forces computed using the collective chord 
method. Thus, the continuity ties could be generally designed for the wall-to-roof 
anchorage force and does not need to be redesigned for the chord forces. For the case 
study building, it was found that the end chord forces determined using the collective 
chord model were about 84% lower than that determined using the traditional diaphragm 
design method. Based on results of the case study building, Lawson and Yarber (2012) 
concluded that the framing members in those diaphragms compliance with the code 
provisions for seismic design category C or higher will act unintentionally as collective 
chords, or alternatively will act intentionally as collective chords if they are designed per 
the collective chord model. 
2.3	 Code	Provisions	for	Large	Diaphragms	 	
A number of studies, both analytical as well as experimental, were conducted to 
study the behavior of large diaphragms. Pirvu (2008) investigated whether the code 
provisions for normal diaphragms can be relaxed for very large diaphragms. Per the 




diaphragm is limited to 24” on center and shear resistance values for diaphragms are 
provided for sheathing thicknesses ranging from 3/8” to 3/4”. The research was a 
preliminary study aimed to provide basis to expand the current diaphragm design table. 
Fifteen 24x8 ft diaphragms with thicknesses ranging from 23/32” to 1-1/4” were tested 
by applying load at four symmetrical points. A difference of approximately 4% in the 
maximum load capacities was observed between the diaphragms with joists and blocking 
spaced at 24” on center, and that spaced at 48” on-center. This shows that the limitation 
in joist spacing can be relaxed. In this study, the observed predominant failure mode was 
withdrawal of nails from the framing. This observation was consistent with an earlier 
study (Itani and Polensek 1987), which showed that the major parameter affecting the 
load-displacement behavior of diaphragms was found to be the nail spacing and 
connection properties of sheathing nails. 
IBC also incorporates a High Load Diaphragm Table (IBC 2003, Table 2306.3.2) 
with higher nail shear strength. However, diaphragms designed using the strength values 
from Table 2306.3.2(2) must be installed using special inspections as given in Section 
1704.6 of the IBC. The shear design values in Table 2306.3.2(2) are based on the results 
of full-scale diaphragm tests performed by the Engineered Wood Association (formerly 
known as the American Plywood Association, APA) (Tissell and Elliott 2000). Tests 
were performed on 11 diaphragms. Ten of the diaphragms tested were 16 x 48ft, and the 
dimensions of an eleventh specimen were changed to 16 x 50ft. The tension and 
compression chords of the diaphragm were supported by ball bearing, which allowed free 




in. on-center were used to apply a cyclic uniform load along the long side of the 
diaphragms. The data recorded included tension and deflection at midpoint of the tension 
chord and load at each reaction point.  The test results show that it is possible to increase 
the diaphragm shear strength by increasing the number of fasteners or adding another 
layer of sheathing in areas of high shear demand. The test results were also compared 
with the shear capacities computed using engineering theories.  
The high load diaphragms are typically constructed with sheathing of 15̸32”, 
19̸32” 
or 23̸32” thick and framing members with nominal width of either 3” or 4”. The final shear 
capacities for high load diaphragms published by APA were derived using both the high 
load diaphragm test results and the predicted shear capacities using the European yield 
theory. The allowable shear capacity for ½” sheathing is nearly 1400 plf and that of 5 ̸8” 
and ¾” are approximately 1800 plf. These values incorporate a factor of safety of 2.8 
(IBC, 2006).  To construct large diaphragm faster, the high shear values provided in the 
table can be advantageously used to reduce the number of nails. 
2.4	 Closure	
Based on the review of articles on the current design practices of large diaphragm, 
in summary, two methods are commonly used by practitioners to determine the chord 
forces, namely, the traditional method and the collective chord method. The general 
consensus in the engineering community is that the traditional method yields 
conservative estimates of end chord forces. On the other hand, the collective chord 
method proposed by Lawson (2007) is believed to give a more accurate prediction of the 




theory and it has been shown that it can be used to produce efficient and economical 
designs for large panelized roof diaphragms. While the collective chord model is 
technically sounds, the accuracy of the model has not been validated via full-scale tests or 
rigorous analytical models. This thesis presents the results of a numerical study to 
determine the applicability of the traditional and collective chord design methods using a 
series of detailed models developed for large panelized diaphragms. The formulation of 




Chapter 3  
MODEL FORMULATION 
The large diaphragm models utilized in this study were created using a software, 
called M-CASHEW (Matlab - Cyclic Analysis of Shear Walls) which was initially 
developed for modeling light-frame wood shear walls (Pang and Shirazi 2013). As part of 
this study, the M-CASHEW program was modified to include new features for modeling 
large panelized diaphragms. Figure 3.1 depicts the sub-assemblies of a typical roof 














For modeling purpose, the sub-assemblies of a diaphragm were grouped into three 
main components: framing members, sheathing panels and connectors (i.e. nails and 
continuity ties). The framing members include the girders, purlins and sub-purlins. In this 
study, the two-node frame (beam) element was used to model the framing members. The 
sheathing panels were modeled using a specialized membrane element. Two types of 
zero-length link elements were utilized to model the connectors, namely panel-to-frame 
(P2F) and frame-to-frame (F2F) elements. The P2F elements were used to model the 
shear slip behavior of sheathing nails, used to connect the panels to the frames. The F2F 
elements were used to model (1) the bearing contact between the framing members, (2) 
the continuity ties (e.g. purlin-to-purlin and girder-to-girder ties), and (3) the connections 
between sub-purlins and purlins. Past studies have shown that the overall behavior of 
diaphragms and light-frame wood shear walls are mainly governed by the nonlinear shear 
slip responses of the connectors (e.g. Itani and Cheung 1984; Gupta and Kuo 1987; Folz 
and Filiatrault 2001; Judd 2005). Hence, nonlinear link elements were used to model the 
connectors while the framing members and sheathing panels were modeled using linear 









The girders, purlins and sub-purlins were modeled using a two-node frame 
element with a co-rotational formulation to account for geometric nonlinearity. Each 
node has three DOFs, two translations and one rotation (Figure 3.2). An interpolation 
matrix  ˆ fN   with dimensions of 3x6 was used to relate the panel deformations to the 
deformations of any arbitrary connection points within the frame element (Pang and 
Shirazi 2013):  
 
ˆ{ } { }cf f nfd N d      (2.1) 
where, 1 1 1 2 2 2{ }
T
nfd u v u v      is the deformation vector of the frame master 
nodes (nodes 1 and 2 in Figure 3.2) and { }cfd  = , ,
T
cf cf cfu v   
  is the deformation vector 
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of a connection point within the frame (slave nodes). The equilibrium equations of the 
frame element are given by the following expression:  
 
     np p np mp gp npf k d k k d           (2.2) 
 
where,  nff  is the frame element nodal force vector in local coordinates. fk    is the 
tangent stiffness matrix of the frame element with dimensions of 6x6 and is expressed in 
terms of the summation of the elastic material stiffness matrix mfk   and the geometric 
stiffness matrix gfk   .  The frame stiffness matrix in global coordinate system fk   , is: 
 
T
p p p pK R k R                (2.3) 
where,  fR    
is a 6x6 local-to-global transformation matrix which is a function of the co-
rotation angle,
 f
  of the frame element (Figure 3.2). 
 
3.2	 Panel	Element	
The sheathing panels in a diaphragm resist mainly the in-plane shear developed 
due to lateral loading. A specialized shear panel element with five DOFs (Figure 3.3), 
one rigid body rotation ( p ), two rigid body translations ( p and pv ) and two in-plane 
shear deformations ( pu and p ) was formulated and used to model the sheathing. The 
relationship between the panel nodal displacement vector  npd  and the deformations of 





ˆ{ } { }cp p npd N d      (2.4) 
where, ˆ pN    is the 3 x 5 interpolation matrix of the panel element in local coordinates 
(Pang and Shirazi 2013). 
  
Using the panel interpolation matrix, the deformations of an arbitrary connection 
points { }cpd  = , ,
T
cp cp cpu v   
 can be determined from the panel deformation 
vector  Tnp p p p p pd u v       . The equilibrium equations of the panel element 
in local coordinate system are: 
     np p np mp gp npf k d k k d          (2.5)  




where,   npf is the panel element nodal force vector in local coordinates. pk    is a 5x5 
tangent stiffness matrix which is expressed in terms of the sum of the elastic material 
stiffness matrix mpk   and the geometric stiffness matrix gpk   . Similarly, the panel 
stiffness matrix in global coordinate system 
pK    can be determined using a 
transformation matrix (rotation matrix): 
T
p p p pK R k R                (2.6) 
where, 
pR    is the local-to-global transformation matrix of the panel element which has 




In large diaphragms, the framing system and sheathing panels are assembled 
together using dowel type connections (nails, screws and bolts) and metal connectors (i.e. 
metal splices and continuity ties). Two types of zero-length link elements were 
formulated to model the connection properties. These two link elements were the frame-
to-frame (F2F) and panel-to-frame (P2F) link elements. The general formulations of the 
F2F and P2F are the same. The link element has two nodes and three DOFs. The three 
DOFs are characterized by three orthogonal and uncoupled springs, one rotational and 

















   
  
  (2.7) 
where kx and ky are the stiffness of the translational springs. kr is the stiffness of the 
rotational spring. The connector stiffness matrix in the global coordinate system, [Kc] is: 
 
      Tc c c cK R k R   (2.8) 
where,  cR is the local-to-global transformation (rotation) matrix and it is a function of 
the orientation of the link element  c  (Figure 3.4). The angle c  is measured from the 
global to local x-axes (i.e. counter clockwise is positive).  
 
3.4	 Panel‐to‐Frame	Connection	
The panel-to-frame (P2F) element was used to model the load-slip response of 
sheathing nails. The translational DOFs were modeled using the modified Stewart 
(MSTEW) hysteretic spring, also known as the CUREE hysteretic model (Folz and 
Filiatrault 2001). The MSTEW model consists of ten modeling parameters (Ko, r1, r2, r3, 














sheathing nail was taken as zero as the moment resistance of individual sheathing nails is 
usually negligible.  
 
The stiffness matrix of the P2F connector is global coordinate is given by: 
           
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(2.9) 
where, Np
(i)  and Nf
(j) are the interpolation matrices of the P2F connector in global 
coordinate system for connection points on the panel and frame, respectively. Here, the 
superscripts (i) and (j) denote the panel and frame numbers which were used to identify 
the connectivity in the global stiffness matrix. The K’pp and K’ff  terms quantify the 
stiffness contributions of a given sheathing nail on the i-th panel and j-th frame, 
Figure 3.5: Modified Stewart hysteretic (MSTEW) model for sheathing nail (adapted




respectively. The off diagonal stiffness terms, K’pf, characterizes the partial restraints 
between the panel and frame. The interpolation matrices, Np and Nf, in global coordinates 
can be computed using the following transformations: 
  3 6
ˆT
p p p pN R N R
               (2.10) 
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               (2.11) 
 
3.5	 Frame‐to‐Frame	Connection	
The frame-to-frame (F2F) connection was utilized to model the framing nails and 
continuity ties used to connect the girders and purlins together. The stiffness matrix of a 
F2F connector is given by: 
           
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                
 (2.12) 
Here, Kff is a 1212 matrix which characterizes the interaction and restraining effects 
between two framing members. The superscripts (i) and (j) identify the frame numbers.  
 
3.6	 	Continuity	Tie	Model	
Figure 3.6 depicts the connection models for purlin-to-purlin and girder-to-girder 
with double-sided ties. The F2F element was used to model each continuity tie assembly. 
Since a continuity tie designed per the code provisions is expected to perform in the 
linear range, a linear elastic spring oriented parallel to the tie longitudinal direction was 




obtained from the connection tests by Yarber (2012). Three types of Simpson-Strongtie 
continuity tie assemblies were tested by Yarber (2012). The stiffness values along with 
the Simpson-Strongtie product designations are given in Table 3.1. Note that the stiffness 
of the double-sided HD7B connection was found to be more than twice of the single-
sided HD7B connection. This could be attributed to the additional clamping and friction 
force provided by the double-sided assembly. In this study, when modelling the double-
sided connection, a pair of F2F elements was utilized and the stiffness of each of the F2F 





           


















Figure 3.6: Connection models for purlin-to-purlin ties (left) and girder-to-girder 
ties (right). 
x̂  












HDU8- S2.5  74 
HD7B Single Sided  70 
HD7B Double Sided  470 
 
3.7	 Sub‐purlin‐to‐Purlin	Connection	Model	
Similar to the continuity tie model, a pair of F2F elements was placed at each end 
of a sub-purlin to model the connection between the sub-purlin and purlin (i.e. the 
blocking to purlin connection). A bilinear elastic spring was used to model the relative 
displacement of the F2F connector in the local x-direction (Figure 3.7). Compared to the 
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framing nail is very low and it has a negligible effect on the overall diaphragm behaviour; 
hence, in the diaphragm models, when separation between the sub-purlins and purlins 
occurred (i.e. for positive relative displacement), the stiffness of the x-spring was 
assumed to be zero. However, when contact occurred between the sub-purlins and 





The global stiffness matrix of the diaphragm is equal to the summation of the 
stiffness contributions of frames, panels and connectors (P2F and F2F): 
         ( ) ( ) ( ) ( )T i T i T i T ii f i i p i i ff i i pf i
i i i i
K K K K K                (2.13) 
 
where, i identifies the attachment points or the coordinates of the contributing stiffness 
of each element (i.e. frame, panel and connector) in the global stiffness matrix. Note that 
although the material stiffness matrices of the frames and panels are linear and elastic, 
due to geometric nonlinearity and nonlinear responses of the sheathing nails, the 
combined stiffness matrix ( K ) and the overall force versus displacement responses of 
the diaphragm are nonlinear. 





It should be noted that since the DOFs of the connectors can be described using the 
master DOFs of the panels and frames, the size of the global stiffness matrix ( K ) is 
independent of the number of connectors (sheathing nails or continuity ties). The total 
DOFs ( ndof ) of a given diaphragm model is: 
6 5ndof nf np     (2.15)           
where nf  and np  are the numbers of frame and panel elements, respectively. A 
displacement control algorithm was utilized to solve the system of nonlinear equilibrium 
equations of the diaphragm model (McGuire et al. 2000). More details on the formulation 
of the M-CASHEW model and the assembly of the system of nonlinear equilibrium 
equations can be found in (Pang and Shirazi 2013).  
3.9	 Closure	
The M-CASHEW program, originally developed for analyzing wood shear walls, 
was modified to include features for modeling large panelized roof diaphragms. A two-
node frame element is utilized in the M-CASHEW program to model the framing 
members and a specialized shear panel element is used to model the sheathing panels. 
Two types of link elements, namely panel-to-frame (P2F) and frame-to-frame (F2F) are 
used to model the diaphragm connections. The P2F elements are used to model the 
sheathing nails while the F2F elements are used to model the framing connections (e.g. 
continuity ties). To verify the modified M-CASHEW program,  model validation study 
was performed using the results of selected diaphragms tests (Dolan et al. 2001; Pirvu 




Chapter 4  
MODEL VALIDATION 
The in-plane behavior of wood diaphragms were tested by many in the past (e.g. 
Tissell and Elliott 2000; Dolan et al. 2001; Grubbs et al. 2007; Pirvu 2008). However, the 
dimensions of these diaphragms were relatively small. Currently, there are no full-scale 
test data available for large panelized flexible roof diaphragm system. For validation 
purpose, selected results of small diaphragm tests conducted as part of the CUREE-
Caltech Woodframe Project (Dolan et al. 2001) and tests by Pirvu (2008) at 
FPInnovations were used to validate the formulation of the M-CASHEW diaphragm 
model.  
4.1	 FPInnovations	Diaphragm	Test	
The first set of diaphragm test data utilized for model validation was the 
experiments performed by Pirvu (2008) at FPInnovations – Wood Products Division in 
Vancouver BC, Canada. A series of diaphragms of 24ft x 7.9ft were tested by 
FPInnovations. The results obtained from two selected diaphragm tests, designated as D8 
and D9 in the FPInnovations tests (Pirvu 2008), were compared to the analysis results of 
the M-CASHEW models. 
For Diaphragm D8 (Figure 4.1), the chords were constructed of 1.7E 
TimberStrand® Laminated Strand Lumber (LSL) of size 1.73 in x 9.5 in. The joists were 





vertical LSL pieces which were toe-nailed into the joists. Panels were made up of 1 in 
thick OSB. Spiral nails 3.25in x 1/8in at a spacing of 6 in were used to attach the panels 
to the framing members. Diaphragm D9 had the same chord and panel properties except 
the joist spacing were 24 in on-center. The long axis of the panel was perpendicular to the 
long direction of the joist and direction of force. Load was applied monotonically at four 
symmetrical points at a rate of 0.25in/sec. Figure 4.2 shows the deformed shaped of the 
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As discussed previously, the overall behavior of a diaphragm is mainly governed 
by the nonlinear shear slip responses of the connectors, in particular the sheathing nails. 
As part of the FPInnovations diaphragm test program, monotonic tests of the sheathing 
nails used to construct the test diaphragms were performed (Pirvu, 2008). Nail connection 
tests were performed by applying the load parallel as well as perpendicular to the grain 
direction of the wood joist. For each type of loading, five individual nail tests were 
performed. The monotonic nail test results were fitted to the Modified Stewart Hysteretic 
(MSTEW) model (see Figure 3.5 for graphical depiction of the modeling parameters).  
Figure 4.3 and Figure 4.4 show the test and the average MSTEW model backbone curves 
for the perpendicular and parallel to grain tests, respectively. Table 4.1 and Table 4.2 
provide the fitted MSTEW parameters obtained for each nail test. More details on the 
parameter fitting for each nail test can be found in Appendix A. Note that in Figures 17 
and 18, the solid red color curves represent the average parameters derived using both the 
parallel and perpendicular to grain tests. The average of the fitted nail parameters are 
given in Table 4. The average parameters (average of both perpendicular and parallel to 






Figure 4.3: Test and model backbone curves obtained for spiral sheathing nails 
used in the FPInnovations diaphragm tests with load applied perpendicular to the 
grain of joist. 
















Individual nail test data
Average fitted nail parameter for perpendicular joist orientation






Figure 4.4: Test and model backbone curves obtained for spiral sheathing nails 
used in the FPInnovations diaphragm tests with load applied parallel to the grain 
of joist. 
















Individual nail test data
Average fitted nail parameter for parallel joist orientation




Table 4.1: Spiral nail 3.25in x 1/8in backbone parameters obtained when load was applied 








ko (kip/in) 8.95 8.22 8.19 8.30 8.33 8.40 0.316 0.038 
r1 0.027 0.084 0.039 0.034 0.048 0.047 0.023 0.485 
r2 -0.068 -0.083 -0.115 -0.025 -0.083 -0.075 0.033 -0.438 
Fo (kip) 0.512 0.282 0.431 0.414 0.454 0.419 0.085 0.202 
Δ (in) 0.635 0.502 0.671 0.567 0.637 0.602 0.068 0.112 
Fu (kip) 0.665 0.631 0.643 0.576 0.711 0.645 0.049 0.076 
The sheathing nails were tested via a monotonic loading protocol hence only the backbone parameters 
were derived using the test data. Parameters r3,r4, Fi,  and  are derived based on the cyclic and 
monotonic nail test results for nominal 2 in. thick Hem Fir stud attached to 15/32” thick OSB using 10d 






Table 4.2: Spiral nail 3.25in x 1/8in backbone parameters obtained when load was applied 








ko (kip/in) 9.09 8.89 8.09 8.40 8.54 8.60 0.355 0.041 
r1 0.056 0.061 0.076 0.089 0.076 0.071 0.012 0.168 
r2 -0.098 -0.062 -0.517 -0.137 -0.095 -0.182 0.169 -0.932 
Fo (kip) 0.325 0.282 0.331 0.263 0.267 0.294 0.029 0.099 
Δ (in) 0.800 0.720 0.605 0.710 0.569 0.681 0.083 0.122 
Fu (kip) 0.729 0.671 0.702 0.795 0.637 0.707 0.054 0.076 
The sheathing nails were tested via a monotonic loading protocol hence only the backbone 
parameters were derived using the test data. Parameters r3,r4, Fi,  and  are derived based on the 
cyclic and monotonic nail test results for nominal 2 in. thick Hem Fir stud attached to 15/32” thick 
OSB using 10d common nail (Coyne  2007).The values for these parameters are r3 = 1.11, r4=0.0072;  




















ko (kip/in) 8.6 8.4 8.5 
r1 0.0715 0.0466 0.059 
r2 -0.1816 -0.0749 -0.1282 
r3 1.1095 1.1095 1.1095 
r4 0.0072 0.0072 0.0072 
Fo (kip) 0.2937 0.4185 0.3561 
∆ (in) 0.6810 0.6023 0.6416 
α 0.6019 0.6019 0.6019 
β 1.3 1.3 1.3 




Both diaphragms D8 and D9 of the FPInnovations tests were modeled using the 
M-CASHEW program. The diaphragm models were analyzed using a monotonic 
pushover loading protocol in the M-CASHEW program. The test and model predicted 
force versus displacement relationships of diaphragm D8 are given in Figure 4.5. As can 
be seen, the model backbone curve is generally in good agreement with the experimental 
result.  
For diaphragm D9, two models The first model was created with only bilinear 
contact elements between the frame members (i.e without any end nails). The values of 
bilinear contact parameters used were (0 kip/in, 100 kip/in, 100 kip/in). The first and 




compression springs, respectively. The third value represent the initial stiffness, which 
was assumed to be the compression stiffness. It was observed when the framing 
connections were modeled using the contact elements only, the peak capacity of the 
diaphragm was limited by failure in framing connections. In the actual test, it was 
observed that the diaphragm capacity was limited by the sheathing nail strength. In order 
for the diaphragm model to achieve the same failure mode as the test, end nails were used 
to model the connections between the frame members. The withdrawal of the framing 
nails was modeled using bi-linear elastic elements (10 kip/in, 100 kip/in, 100 kip/in) and 
the shear behavior was modeled using linear elements with a stiffness of 10 kip/in. The 
main goal of adding the end-nail shear and withdrawal elements was to prevent 
premature failure in framing joints. By modeling the framing joints with end nails, the 
cause of diaphragm failure switched from joint failure to failure of sheathing nails, which 











Figure 4.5: Experimental versus computer modeling result of Diaphragm 
D8. 



























Figure 4.6:  Experimental versus computer modeling result of 
Diaphragm D9. 


















model without end nails
model with end nails
test result
No end nails 






The second set of data used to validate the formulation of the diaphragm model 
was the diaphragm tests performed as part of the CUREE-Caltech project Task 1.4.2 
(Dolan et al. 2001). Multiple diaphragm specimens were constructed and each diaphragm 
specimen was subjected to a series of tests. One of the CUREE diaphragm tests 
(Specimen 1 Test 7) was selected for model validation study. The dimensions of the 
selected diaphragm were 16 ft x 20 ft. The framing consisted of 2x12 Douglas fir joists 













The diaphragm was sheathed with 23/32 in. thick 4 ft x 8 ft tongue-and-groove 
plywood in a staggered pattern without blocking (see Figure 4.7). The plywood sheets 
were connected to the frame using 10d nails spaced at 6 in around the perimeter and 12 in 
along the interior joists.  
The diaphragm was simply supported at both ends and load was applied parallel 
to the direction of the joists via a steel channel (Figure 4.7). The main goal of the 
CUREE-Caltech diaphragm test program was to determine the in-plane stiffness of wood 
diaphragms. Hence, the diaphragms were tested only with a low-amplitude non-
destructive loading protocol. For Specimen 1 Test 7, five sinusoidal cycles at deflection 
amplitudes of 0.24 in were used. While the diaphragm test itself was non-destructive, 
monotonic pushover and cyclic analyses were performed using the M-CASHEW 
program. Figure 4.8 shows the simulated diaphragm pushover backbone curve and cyclic 
hysteresis loops. As can be seen, the test and model predicted initial stiffness values are 
in good agreement. The diaphragm stiffness obtained from the test was 44.5 kip/in and 























Figure 4.8: Model predicted (a) monotonic pushover curve and (b) cyclic
hysteretic loops of CUREE Diaphragm Specimen 1 Test 7. 
Model
Initial stiffness determined from test























 Based on the analysis, it is observed that the model results obtained from M-
CASHEW program are in good agreement with the test results for small diaphragms. The 
slight discrepancy may be because of the variation in materials used in experiment and in 
M-CASHEW model. Since the discrepancy seen is small, M-CASHEW will be used to 
model large diaphragm. Also, sensitivity analysis is performed in order to select the best 




Chapter 5  
SENSITIVITY ANALYSIS 
A series of sensitivity analyses were performed to investigate the influence of 
different modeling parameters on the in-plane behavior of diaphragms. The diaphragm 
D8 tested by FPInnovations (Figure 5.1), used previously for model validation study, was 
selected for sensitivity analysis (Pirvu 2008). The main objective of the sensitivity 
analysis was to observe how susceptible the behavior of diaphragm is to different 
modeling parameters so that proper modeling assumptions can be made for large 
panelized diaphragm models. The results of sensitivity analysis were used to calibrate 
modeling parameters and to obtain the most computationally efficient modeling 
parameters, in terms of both the computational demand (speed) and accuracy, for use in 







Figure 5.1: Test diaphragm for sensitivity analysis. 





The first sensitivity analysis was performed to observe the influence of 
perpendicular frame-to-frame (F2F) connection models (i.e. framing nails) on the behavior 
of diaphragm. The perpendicular F2F elements were used to model the joist-to-chord 
connections. Each perpendicular F2F connection model consisted of two corner contact 
elements and an end nail to account for the withdrawal capacity of the joint (Figure 5.2).  
Since connection test data for the Simpson Strong-Tie HU9 hangers used in the diaphragm 
tests were not available, sensitivity analyses were performed to investigate the effect of the 
perpendicular F2F connections.   
Table 5.1 shows the different F2F joint models analyzed (designated as Cases 1 to 
5). The F2F joints in Cases 2 and 3 were modeled as pin and moment connections, 
respectively. The F2F joints in Cases 4 and 5 were both modeled using bilinear elastic 
contact elements, which allowed separation to occur in the joints (see Figure 5.2). The only 
difference between these two cases was that Case 5 included nonlinear hysteretic end nail 
springs to account for the withdrawal capacity of the joints. As can be seen in Figure 5.3, 
the force versus displacement responses (backbone curves) for Cases 2 to 5, each with 
different end nail and contact models, are not much different from each other. Case 1 which 
was without the F2F connection elements (i.e. without both the end nails and contact 
elements) significantly underestimated the peak backbone force. From the results shown in 
Figure 5.3, it can be concluded that while the diaphragm behavior is not sensitive to the type 











Figure 5.2: Perpendicular Frame-to-frame connection model in M-
CASHEW. 
 
Figure 5.3:  Sensitivity analysis of frame to frame connections. 






















no contact, rigid end nails
rigid contact elements, no end nails
bilinear contacts only, no end nails









































 The HD1 parameters for 10d common nails(10dc) are (15kip/in, 0.2kip, -0.044kip, 0.213in, 0.0011, -0.002, 0.5, 
0.95, 0.15, 0.0002) 
 
5.2	 	Influence	of	Type	of	Contact	Element	
In order to observe the sensitivity of contact elements on the diaphragm behavior, 
two types of contact elements, bilinear elastic versus nonlinear hysteretic contact models, 
were used to model the effect of bearing contact between framing members. The bilinear 
elastic model has parameters for stiffness values for tension, compression springs and the 
initial stiffness respectively (Pang and Shirazi 2013). The nonlinear hysteretic contact 
spring (Figure 5.4) has seven modeling parameters: Fo = asymptotic separation force; δu 
=asymptotic compression displacement; δcm = maximum nonlinear compression 
displacement limit; δtm = maximum nonlinear separation displacement limit; rc = 
permanent bearing deformation ratio; Fcm =maximum compression force; Ftm = 
maximum separation force. More details on the hysteretic contact spring can be found in 




The results show that diaphragm backbone curves were not sensitive to the type of 
contact elements (Figure 5.5). Note that the computational demand of the nonlinear 
hysteretic contact model is higher than the bilinear elastic contact model. So, in order to 
increase computational efficiency, bilinear elastic contact element was selected for 
modeling large diaphragms. 
 





Table 5.2: Parameters used for sensitivity study of contact elements. 
Bilinear Contact Elements  Nonlinear Contact Elements 
Model 1  Model 2  Model 3  Model 4 
0 kip/in  0.01 kip/in  0.01kip  0.01kip 
10 kip/in  100 kip/in  0.0024in  0.0024in 






Figure 5.5: Effect of different contact elements on diaphragm behavior. 





























Sensitivity analyses were also performed to investigate the influence of panel-to-
frame (P2F) sheathing nail connection. In M-CASHEW, each sheathing nail is modeled 
using a pair of uncoupled orthogonal nonlinear hysteretic springs (Figure 5.6). Past 
connection tests have shown that nails loaded parallel and perpendicular to the grain may 
exhibit different load-slip behavior. The following three cases were analyzed (Figure 
5.7):  
[1] Different nail parameters for perpendicular and parallel to the grain, no co-rotation  
[2] Average parameters without co-rotation  
[3] Average parameters with co-rotation  
Note that when a co-rotation formulation was used, a pair of uncouple springs was 
oriented in each computation step such that the x-spring was aligned parallel to the 
direction of the displacement trajectory. It has been reported by several investigators (e.g. 
Fonseca and Folz (Folz and Filiatrault 2001; Judd and Fonseca 2005). that using non-
oriented spring model (i.e. no co-rotation) may overestimate the capacity or strength of 
the diaphragm. It can be seen in Figure 5.7 that applying co-rotation affects the overall 






Figure 5.6: Panel-to-frame connection in MCASHEW 
 
Figure 5.7:  Effect of different panel-to-frame connections on diaphragm 
behavior. 
 

















different nail parameters without corotation
average parameters without corotation










(Kip/in)  r1  r2  r3  r4 
Fo




to grain   8.60  0.071  ‐0.181  1.109  0.007  0.293  0.681  0.601  1.3  0.707 
Parallel 
to grain  8.40  0.046  ‐0.074  1.109  0.007  0.418  0.602  0.601  1.3  0.645 
Average  8.50  0.059  ‐0.128  1.109  0.007  0.356  0.416  0.601  1.3  0.676 
 The nail tested is 3-1/4” x 0.13” long spiral nail. The panel used is 1 inch thick OSB sheathing 






Metal splices were used in the chord members of the FPInnovations test 
diaphragm D8. Both the peak force and the displacement corresponded to the peak force 
reduced when slips in the continuity tie (or splice) connections were considered in the 
model (Figure 5.9). Thus, in order to predict the diaphragm behavior at the strength level, 
continuity tie connections must be considered. However, if the analysis goal is to 
determine the diaphragm behavior in the linear range prior to the peak force, inclusion of 
continuity tie models is not essential. The analysis results in Figure 5.9 show that the 
models with continuity ties and end nails produce nearly identical force versus 








Location of Splices 
Splices 
 
Figure 5.8: Layout of diaphragm with splice a) Position of splice in diaphragm, b) 














 The modeling parameters for MSTEW 10d common (10dc) are (7.7766 kip/in,  0.0309,  -0.0558,  1.1095,  






Figure 5.9: Sensitivity of diaphragm to the type of splice model 
d





























Based on the sensitivity analysis, it is observed that in framing connections, the 
inclusion of contact element is important; however diaphragm behavior is not sensitive to 
the type of contact element. Thus in order to increase computational efficiency, bilinear 
contact elements is recommended. In order to predict the strength level behavior of 
diaphragm, slips in framing connections need to be considered. However, if the focus of 
the analysis is on the service level (i.e. force versus displacement response in linear 
range) , considering rigid connections or including slip in framing connections produces 
similar behavior in diaphragm. 
For panel-to-frame connections (i.e. sheathing nails), using model without co-
rotation is observed to overestimate the capacity of the diaphragm. Thus, co-rotation 







Chapter 6  
PANELIZED ROOF DIAPHRAGM MODEL 
6.1	 Description	of	Case	Study	Building	and	Roof	Diaphragm	System	
A case study building and panelized roof diaphragm system are provided herein to 
investigate the behavior of panelized roof diaphragm and the assumptions used in the 
collective chord design method. The case study structure is a 96 ft x 192 ft (18,432 sf) 
single-story concrete tilt-up building(Figure 6.1) with open-space warehouse 
configuration and is assumed to be located in a seismically active zone in western coast 
























The perimeter walls are 33 ft tall and 9 ¼” thick. The roof is a flat panelized all-
wood roof system with OSB sheathing and located at 30 ft above the ground. The details 
of the seismic load calculations can be found in Appendix Appendix B (Lawson 2013). 
The diaphragm is assumed to be constructed per the panelized construction method and 
each pre-framed panel unit is 24 ft x 8 ft (Figure 6.1). The girders are placed parallel to 
the longitudinal direction of the building and spaced at 24 ft  on-center (o.c.). Purlins are 
spaced at 8 ft. o.c. on the short edges, supported by girders. Thus, each pre-framed panel 
is supported by purlins on two long edges and girders on the other two sides. The sub-
purlins (or stiffeners) are spaced at 2 ft o.c. The sub-purlins and purlins are assumed to be 
constructed of structural I, visually graded Douglas Fir-South sawn lumbers with a 
modulus of elasticity E =1900 ksi. Girders are assumed to be constructed of glulam 
(glued laminated timber) of stress class 24F-1.8E, with Douglas Fir laminates. The 
sheathing is made up of 4 ft x 8ft ,15/32” thick OSB with staggered layout (Figure 6.1) 









The roof diaphragm design was performed by Lawson (John Lawson, personal 
communication, Feb 07, 2013.). The following assumptions were made for the case study 
building. 
Building Type: 
 Single Story Concrete Tilt-Up Building 
 Warehouse/Distribution Center configuration 
 18,432 square feet (96’ x 192’) 
 9 ¼” concrete walls, 33-feet tall 
 Flat roof at 30 feet above first floor 
 Vertical Lateral Force Resisting System: 
 Intermediate Precast Shear Walls (Bearing Wall System R=4) 
 No vertical irregularities 
 Horizontal Diaphragm System: 
 Panelized hybrid wood roof system with OSB 
 No plan irregularities 
 
Seismic Exposure: 
 Ss = 0.85g 
 S1 = 0.6g 
 SDS= 0.657g 
 Soil Class = D 
 SDC = D 





Based on these assumptions, the uniform seismic loads in the North-South (NS) and East-
West (EW) directions were determined to be 909 lbs/ft and 116 lbs/ft, respectively. The 
detailed calculations for the design seismic loads are shown in Appendix B. The 
dimensions of the purlins and girders were determined based on the gravity load design. 
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6.3	 Numerical	Models	
Twelve models were created using the M-CASHEW program to analyze the 
behavior of the case study roof diaphragm discussed in the previous section. Table 5 
shows the parameters for each model. As stated previously, the overall diaphragm 
behavior is mainly governed by the connections. Hence, in this study, the dimensions and 
properties of the sheathing and framing members were kept constant. The model 
designated as BM was the benchmark model, which had its modeling parameters most 
closely represented the actual behavior of the case study diaphragm. The sheathing nails 
were modeled using the nonlinear MSTEW hysteretic model. The axial stiffness of the 
continuity ties (girder-to-girder and purlin-to-purlin) were based on the stiffness values 
obtained from continuity tie tests by Yarber (2012).  
Sensitivity studies were performed by modifying the benchmark model (BM) and 
changing the modeling parameters one at a time to investigate the influence of different 
modeling parameters on the overall behavior of panelized roof diaphragms. Three 
different load patterns were considered to represent the effect of wind and earthquake 
loadings (Figure 6.3). Load Pattern I was a uniform in-plane load, which was used to 
represent the lateral inertia load induced by earthquakes. Load Pattern II had one line of 
uniform load applied along one edge of the diaphragm while Load Pattern III had two 
line loads applied to two opposite edges (Figure 6.3). Load Patterns II and III were used 
to simulate the effect of wind loads.  
Note that BM (benchmark model) had a uniform nail schedule. As discussion in 
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The effect of sheathing nail schedule on the diaphragm behavior was also analyzed. 
Model BM, M2.5/2.5 and M4/4 had uniform edge nail spacing throughout the diaphragm, 
whereas Model M2.5/4 and M4/6 had different edge nail spacings for the boundary and 
continuous edges (see Figure 35). Model Mmult had multiple nail zones as shown in 
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Figure 6.3: Load patterns, (a) uniformly distributed in-plane load, (b) uniform line 
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Table 6.1: Common Parameters of different numerical models utilized for sensitivity study of the case-study large 





















































Table 6.2:  Aspect Ratio and Load Pattern in different Large-Diaphragm Models 
 
BM 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
MRPN 192 96 2:2 I Ultimate, Corotation, Geometric Nonlinear
A4:1 384 96 4:1 I Ultimate, Corotation, Geometric Nonlinear, Half Symmetry Model
A1:2 96 192 1:2 I Ultimate, Corotation, Geometric Nonlinear
MRFN 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
L2 192 96 2:1 II Ultimate, Corotation, Geometric Nonlinear
L3 192 96 2:2 III Ultimate, Corotation, Geometric Nonlinear
M2.5/2.5 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
M4/4 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
M2.5/4 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
M4/6 192 96 2:1 I Ultimate, Corotation, Geometric Nonlinear
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Table 6.3:   Sheathing and Framing connections used in Large-Diaphragm Models 
Nail Spacing Model Ko (k/in) Type Model Ko (k/in) Type Model Ko (k/in) Type Model Ko (k/in)
















































































































































































































 BM-L3 use 10d common nails at a spacing of 6”o.c. throughout the panel edges, 12”o.c for intermediate field nailing 







The roof diaphragm nail schedule was determined per the 2005 version of the 
National Design Specification (NDS) for Wood Construction (NDS, 2005). The NDS 
Tables 4.2A and 4.2B give different shear capacity for different nail spacing for 
diaphragm based upon the seismic or wind load expected and the nail type used. For a 
certain value of in-plane design shear capacity and nail type, three different types of nail 
spacings are given: 1) nail spacing at boundaries and continuous panel edges parallel to 
load; 2) at other panel edges; 3) field nail spacing. The field nail spacing only depends on 
the distance between the supports of the sheathing panels (i.e. the spacing of the sub-
purlins). A minimum field spacing of 12” on-center is required for supports spaced less 
than 48” on-center. The other two panel edge spacings depend on the shear demand of the 
diaphragm. 
The nominal unit shear capacities (i.e. design capacities) depend not only on the nail 
spacings but also the Load Cases specified in the NDS (Figure 6.4). Since the diaphragm 
in this case study building had a staggered panel pattern, the East-West (EW) and North-
South (NS) seismic loads corresponded to the NDS load Cases 2 and 4, respectively. The 
following four different nail schedules with 10d nails, listed in NDS, were considered 
during the design of the case study diaphragm: 
1. 6”o.c. boundaries & continuous edges, 6”o.c. other edges 
12”o.c. intermediate field area  





12”o.c. intermediate field area 
3. 2.5”o.c. boundaries & continuous edges, 4”o.c. other edges 
            12”o.c. intermediate field area 
4. 2”o.c. boundaries & continuous edges, 3”o.c. other edges 
            12”o.c. intermediate field area 
 
Figure 6.5 shows the shear demand for NDS load Case 4 (i.e. seismic load applied 
parallel to the NS direction). As can be seen, shear demand is highest near the support 
and lowest near the mid-span. Since the diaphragm shear demand varies along the length 
of the diaphragm, in large panelized roof diaphragm construction, multiple nail zones are 
often specified to speed up the construction and to reduce the cost. For the case study 
roof diaphragm, three nail zones were specified (see Figure 6.5). Note that the three-zone 
nail schedule shown in Figure 6.5 also meets the design requirements for seismic load 













w = 909plf 
Uniform Loading (plf) 











Spacing of 10d nails 
Zone 1:    6”o.c. boundaries & continuous edges, 6”o.c. other edges 
12”o.c. intermediate field area  
Zone 2:    4”o.c. boundaries & continuous edges, 6”o.c. other edges 
12”o.c. intermediate field area 
Zone 3:    2.5”o.c. boundaries & continuous edges, 4”o.c. other edges 
12”o.c. intermediate field area 
32ft 32ft 16ft 16ft 96ft 






The pushover curve for benchmark BM is shown in Figure 6.6. The displacement 
shown is measured at the mid-span of the diaphragm and the force is the sum of the 
reaction forces at the supports. As expected, the pushover curve is nonlinear. This is 
mainly attributed to the nonlinear shear slip behavior of the sheathing nails.  
The axial force distributions in the framing members at linear and nonlinear 
stages are shown in Figure 6.7 and Figure 6.8, respectively. The results show that the 
axial forces are mainly carried by the end chords and are non-uniform along the length of 
the chords. The subplot in Figure 6.7 shows the axial force distribution across the width 
of the diaphragm at mid-span for both the continuity chords (i.e. girders and sub-purlins). 
The values next to the horizontal bars show the axial force magnitudes as a fraction of the 
maximum axial force carried by the end chord in tension (i.e. oF  in Equation 3 for the 
collective chord method). According to the modeling results, the tension force in the 
girder line at one quarter of the diaphragm width, measured from the top of the 
diaphragm, is approximately 10% of that carried by the end chord ( oF ). At nonlinear 
stage, the tension force in this girder line reduces to approximately 4% of oF  (Figure 
6.8). This suggests that, for design purpose, a linear analysis may be used to estimate the 
distribution of the chord forces. 
Note that the magnitudes of tension and compression forces in the two end chords 
are not identical. Figure 6.7 and Figure 6.8 show that the maximum compression forces at 
linear and non-linear stages are 91% and 92% of oF  (axial force in the end chord in 
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extreme tension). From the distribution of the axial forces across the depth of the 
diaphragm, one can see that the neutral axis is located slightly below the mid-depth of the 
diaphragm and is closer to the end chord in compression than the end chord in tension 
(Figure 6.9). This is because the sub-purlins below the neutral axis are in bearing contacts 
with the purlins (Figure 6.9b) and are carrying some axial forces. On the other hand, 
separations between the sub-purlins and purlins occur for those sub-purlins above the 
neutral axis (Figure 6.9a). Since the sub-purlins do not have continuity ties, no tension 
forces are carried by these sub-purlin lines. 
Figure 6.6: Pushover curve (Model BM). 

















Pushover Curve - Model_39
Frame Axial Force Distribution: Figure 6.7 
Panel Shear Force Distribution: Figure 6.11 
Frame Axial Force Distribution: Figure 6.8 




Figure 6.7: Axial force distribution in framing members at linear stage (Model BM). 
 


























Figure 6.8: Axial force distribution in framing members at nonlinear stage (Model BM).
 





























Figure 6.9: Deformed shape of framing system, (a) separations between sub-purlins
and purlin, (b) bearing contacts between sub-purlins and purlin, (c) axial force
ratios at mid-span. 
(a) 
Separation (b) Bearing 
C






















See (a), no tension 
forces in sub-purlins
See (b), sub-purlins carry 









According to the collective chord method, which is based on the simple beam 
theory, the tension force in the girder line or continuous chord located at one quarter from 
the top of the diaphragm is 0.5 oF . The results shown in Figure 6.7 and Figure 6.8 
(0.1 oF ) appear to be in contradiction with the collective chord method. This suggests that 
the simple beam theory might not be appropriate for analyzing the forces in large 
diaphragm. Figure 6.10 shows the sheathing nail forces exerted on the framing members 
when the diaphragm undergoes in-plane deformation. Note that the shear slip responses 
of sheathing nails for those panels to the left of the diaphragm cause counter clockwise 
shear flows for individual panels. Collectively the sheathing nail forces along the top 
chord are pulling the chord to the left, which cause tension force in the top chord (Figure 
6.10a). On the other hand, the sheathing nail forces along the bottom chord are pushing 
toward the middle, which cause compression force in the bottom chord. For the middle 
chords, the sheathing nail forces from panels to the top and bottom of the middle chords 
are in opposite directions (Figure 6.10b). This means the forces are “canceling out” each 
other, which explains why the axial forces in the middle chords are considerably lower 





Figure 6.10: Sheathing nail shear slip forces on (a) extreme tension chord, (b)







The distributions of shear forces in panels at linear and non-linear stages are 
presented in Figure 6.11 and Figure 6.12, respectively. Shear forces are highest near the 
left and right supports and near-zero or lowest at the mid-span. The shear force 
distribution in the panels is similar to the shear diagram of a simply supported beam 
under uniform loading. This confirms that the current design practice of determining the 





Figure 6.11: Shear force distribution in panels at linear stage (Model BM). 
 












Panel Forces - Resultant Shear

















Figure 6.12: Shear force distribution in panels at nonlinear stage (Model BM). 
 










Panel Forces - Resultant Shear
















Since the in-plane load can occur from either direction (i.e. NS or EW direction), 
an analysis was also performed by subjecting the benchmark diaphragm model to 
uniform load in the EW direction. Model A1:2 represents the same diaphragm 
configuration as BM but with seismic load applied in the EW direction (Figure 6.13). The 
main difference between the two models is that, in Model A1:2, the purlins act as the 
main chords. Compared to BM which has five continuous chords (girder lines) spaced at 
24 ft on-center, there are more closely spaced continuous chords in Model A1:2  (25 
purlin lines spaced at 8ft apart).  
 









Figure 6.14 shows the pushover backbone curve of the case study diaphragm with 
load applied in the EW direction. Figure 6.15 shows the chord force distribution when the 
diaphragm mid-span displacement is at 1”. Based on the collective chord approach, the 
force in purlin line 2 should be 91% of that in purlin line 1 (Figure 6.15). However, the 
modeling results show that the force in purlin line 2 is approximately 18% of that in 
purlin line 1. Furthermore, as per the collective chord approach other middle purlins 
should carry significant axial forces; however, the modeling results show that the forces 
in other purlins are negligible compared to the end purlin. Thus, this shows that the 
traditional diaphragm design approach gives a better approximation than the collective 
chord method and is more conservative. 
The shear distribution in panels is similar to that observed in BM, which shows 
highest shear forces towards the supports and near-zero or lowest shear forces at the mid-
span (Figure 6.17). This shows that the shear diagram based on the simple beam theory 
can be used to determine the design shear forces. 
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Figure 6.14: Pushover curve (Model A1:2). 
  
 
Frame Axial Force Distribution: Figure 6.15 
Panel Shear Force Distribution: Figure 6.17 
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Frame Forces - Axial





































Figure 6.16: Axial force ratios at mid-span for Model A1:2. 




















Panel Forces - Resultant Shear















 The axial force distributions for three diaphragms with different aspect ratios 
(length-to-width ratios of 0.5, 2 and 4) are compared in Figure 6.18. Table 6.4 lists the 
actual dimensions of these three diaphragms. Since the length of these three diaphragms 
are not identical, in order to compare their results, the chord forces and chord locations 
are normalized. The chord forces are normalized by dividing the axial force in each chord 
of a diaphragm by the maximum chord force for the given diaphragm. The locations of 
chords are normalized by dividing it by the distance between the extreme chords (i.e. the 
width of the diaphragm). From Figure 6.18, it is observed that as the aspect ratio of 
diaphragm increases, the participation of middle chord in carrying axial load also 
increases. Also, it is seen that the middle chords towards the support carry more load than 
those chords in the middle. However, as already discussed, the forces carried by the 
middle chords are still not comparable to the forces predicted by the collective chord 
method (Figure 6.18). In fact, for the range of diaphragm aspect ratios considered, the 
collective chord method overestimates the forces carried by the middle chords. This 
shows that, in order to use the collective chord method, a modification factor applied to 
the distribution of the middle chord forces is needed. Alternatively, the traditional 

















BM  192  96  2.0 (2:1) 
A1:2  96  192  0.5 (1:2) 
A4:1  384  96  4.0 (4:1) 
 
Figure 6.18: Distribution of chord forces for diaphragms of different aspect ratios;
chord forces are normalized to the force of the end chord in extreme tension,
chord locations are normalized by the width of the diaphragm. 	
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Sensitivity study of load pattern was perform to investigate how the way in which 
load is applied to a diaphragm affects its behavior.  Under earthquake motion, inertia 
forces may develop in the plane of the diaphragm due to the distributed diaphragm mass. 
An in-plane load acts uniformly throughout the whole surface area of the diaphragm may 
be used to model this scenario (see Figure 6.19, BM). On the other hand, lateral wind 
pressures exerted on the leeward and windward walls are transmitted to the diaphragm as 
uniform loads act on two opposite edges of the diaphragm (see Figure 6.19, Model L3). In 
seismic design, an idealized uniform load distributed applied to one edge of a horizontal 
diaphragm is used. In addition, diaphragms tests are always performed by applying load 
to only one edge of the diaphragm. Thus, a diaphragm model with uniform load applied 
to only one edge was also performed to analyze if there would be a substantial change in 
diaphragm behavior due to the pattern of the applied load. Figure 6.19 shows the 
comparison of diaphragm behavior due to the three load patterns. From Figure 6.19, it is 
clearly seen that diaphragm behavior is not affected if the lateral load is applied 
throughout the surface or if it is assumed to act as a line load at one or two edges of the 
diaphragm. Thus, for all other subsequent models, only one type of load pattern was used 







































The influence of sheathing nail and framing connection stiffness on the overall 
diaphragm behavior is presented in Figure 6.20. BM represents the model with the best 
estimates for both the stiffnesses of the sheathing nails and the framing connections 
(including both the continuity ties and subpurlin-to-purlin connections). Model MRPN 
represents a diaphragm with very stiff sheathing nails (i.e. rigid connection between the 
panels and framing system) whereas Model MRFN represents a diaphragm with very stiff 
framing connections (rigid moment connections).  As can be seen in Figure 6.20, increase 
in either the stiffness of the sheathing nails or the framing connections increases the total 
stiffness of the diaphragm. However, the diaphragm stiffness is much more sensitive to 



























Table 6.5: Diaphragm models to compare influence on diaphragm behavior d












Figure 6.20: Influence on diaphragm behavior due to the stiffness of 
nail. 
























Figure 6.21 shows the comparison of diaphragm backbone curves based on the 
way in which sheathing nails are arranged. Table 6.6 lists the sheathing nail schedules 
and the total number of nails for different models analyzed. Model Mmult represents a 
diaphragm with multiple nail zones (see Figure 6.5), which is common in large panelized 
roof construction. As expected, for the stiffness of those diaphragms with sheathing nails 
uniformly spaced throughout the diaphragm increases as the nail spacing decreases 
(Figure 6.21). 
The dashed lines represent the backbone curves for diaphragms with different 
edge nail spacing at boundaries and continuous edges compared with other edges. The 
Figure clearly shows that compared to the diaphragms with uniform nail schedules, using 
different spacing for boundary and continuous panel edges is more efficient. For 
example, the total numbers of sheathing nails for Model M4/4 (4” o.c. on all edges) and 
Model M4/6 (4"o.c. boundary and continuous edges, 6"o.c. for other edges) are 
approximately 50% and 8.6% more than that of BM (6” o.c. on all edges), respectively. 
However, for a given displacement, the load carrying capacity per sheathing nail by 
Model M4/6 is higher than that of Model M4/4. Thus, it can be concluded that it is more 
efficient to increase the nail spacing along the continuous panel edges than simply 
applying more nails to all panel edges. 
The other case investigated was whether multiple nail zones in the same 
diaphragm gave better performance than using a uniform nail schedule throughout the 
whole diaphragm. The layout of the multiple nail zones for Model Mmult is shown 
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previously in Figure 6.5. Note that Model M4/4 (uniform nail schedule with 4” o.c.) has 
approximately 29.5% more nails than Model Mmult (multiple nail zones). However, it 
can clearly be seen that the initial stiffness of the diaphragm is almost the same for the 
two cases. Even though Model M4/4 has more sheathing nails (50510 nails) than Model 
Mmult which has multiple nail zones (39000 nails), the load carrying capacity of the 
multiple nail zones diaphragm is actually better. In addition, compared to Model M4/6 
which has slightly less nails (6.3%) than the multiple nail zones model, the results in 
Figure 6.21 show that the multiple nail zones diaphragm is significantly stiffer than 
Model M4/6. 
Thus, overall the performance of diaphragm having multiple nail zones is seen to 
be more efficient than the other models. This is logical since the diaphragm shear demand 
is not uniform throughout the whole diaphragm with higher shear demand towards the 
supports than the middle span (see Figure 6.11). Thus if the sheathing nail spacing can be 
proportioned as per the shear demand in a given segment (or zone) of the diaphragm, the 





Table 6.6: Diaphragm models with different nailing pattern 
 
Model 
Number of panel 
to frame edge 
connections 
Nailing Pattern 
BM 33670 6"o.c. all edges 
M4/4 50510 4"o.c. all edges 
M2.5/2.5 80810 2.5"o.c. all edges 
M4/6 36550 
4"o.c. boundary and continuous 
edges, 6"o.c. other edges 
M2.5/4 56680 
2.5"o.c. boundary and continuous 
edges, 4"o.c. other edges 
Mmult 39000 Multiple nail zones  
*12”o.c intermediate field nail spacing for all model  
 
 



























Figure 6.21: Comparison of diaphragm behavior due to different 













Chapter 7  
CONCLUSION 
Currently, there are different diaphragm models used by practitioners to analyze 
the chord force distribution in large diaphragm. The applicability of two diaphragm 
models, (traditional and collective chord models), for design application was investigated 
in this thesis study. The traditional diaphragm design method assumes that the chord 
forces developed are carried only by the perimeter chords. In the collective chord design 
method, each continuity chord is assumed to have a different chord force, which is 
proportional to its distance from the neutral axis. A case-study large diaphragm was 
analyzed and the analysis results were compared to the predictions of these two design 
methods. 
Based on the results obtained from the analyses, it was observed that the 
traditional method gave a better approximation for axial force distribution in large 
diaphragms than the collective chord method. The analytical results showed that the 
distribution of chord forces is a function of the diaphragm aspect ratio. As the diaphragm 
aspect ratio (length-to-width) reduces, the chord force distribution approaches the 
traditional diaphragm model. On the other hand, the chord force distribution approaches 
the collective chord model predictions for high aspect ratio diaphragms. However, in the 
range of aspect ratios typical to large panelized roof diaphragms, it was observed that the 
collective chord method significantly over-predicted the chord forces carried by the 




forces carried by the intermediate chord members, it is recommended that the traditional 
diaphragm design method be used to model and design for large diaphragms. 
The shear distribution in panels was also analyzed. As expected, the panel shear 
force observed was highest near the supports and almost zero at the mid-span. It was also 
observed that the in-plane loading patterns (i.e. applied as distributed load throughout the 
diaphragm surface or applied as uniform line load only to one edge or both edges) did not 
have significant effects on the diaphragm behavior. 
This study also investigated the influence of different sheathing nail schedules on 
the force-displacement response of large diaphragms. The results confirm that the use of 
multiple nail zones, which is a common practice in panelized roof construction, is not 
only more efficient and economical but also structurally sounds. In addition to the use of 
multiple nail zones, the performance of large roof diaphragm can also be improved by 
specifying different nail spacings for the diaphragm boundaries, and the panel edges 
(discontinuous and continuous edges).  
 The sensitivity of various diaphragm modeling parameters with regard to 
improving the computational efficiency and accuracy of large diaphragm model were 
also investigated. It was found that the use of contact elements between framing members 
was important; however, the modeling results were not sensitive to the types of contact 
elements (i.e. bilinear elastic versus non-linear hysteretic model). In addition, it was 
found that the inclusion of end-nails did not have significant effect on the model 
behavior. It was observed that not applying co-rotation to panel-to-frame connections (i.e. 
sheathing nails) may over-estimate the diaphragm strength. Hence, it is recommended 
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that co-rotation formulation should be considered in diaphragm models. The effect of 
contiguity tie stiffness was investigated using a slip and a non-slip continuity tie models. 
When slip in continuity ties was modeled using the actual stiffness of the ties, the final 
non-linear behavior at the strength level was affected by the continuity tie models; 
however, the diaphragm behavior and chord forces distribution in the linear range (less 
than approximately 1/3 of the peak load) were not affected significantly by either 
including or not including slip in the continuity tie elements. This suggests that a linear 























Panel-to-frame nail (sheathing nail) test data were obtained from FPInnovations (Pirvu, 
2008). The sheathing nail tests were performed by applying load parallel as well as 
perpendicular to the grain direction in joist. On each orientation five sets of tests were 
performed.  Figure 7.1 and Figure 7.2 show the individual nail fit obtained from M-







































































































































































































































































































































1-Average fitted nail parameters when load was applied parallel to grain of joist 
2-Average fitted nail parameter s when load was applied perpendicular to grain of joist 
 
Figure 7.3: Average model backbone curves for spiral sheathing nails used 













ko  9.09  8.89  8.09  8.40  8.54  8.60  0.355  0.041 
r1  0.056  0.061  0.076  0.089  0.076  0.071  0.012  0.168 
r2  ‐0.098  ‐0.062  ‐0.517  ‐0.137  ‐0.095  ‐0.182  0.169  ‐0.932 
Fo  0.325  0.282  0.331  0.263  0.267  0.294  0.029  0.099 
δ  0.800  0.720  0.605  0.710  0.569  0.681  0.083  0.122 










ko  8.95 8.22 8.19 8.30 8.33 8.40 0.316 0.038 
r1  0.027 0.084 0.039 0.034 0.048 0.047 0.023 0.485 
r2  -0.068 -0.083 -0.115 -0.025 -0.083 -0.075 0.033 ‐0.438 
Fo  0.512 0.282 0.431 0.414 0.454 0.419 0.085 0.202 
δ  0.635 0.502 0.671 0.567 0.637 0.602 0.068 0.112 







(kip/in)  r1  r2  r3  r4 
Fo 




to grain  8.60  0.0715  ‐0.1816  1.1095  0.0072  0.2937  0.6023  0.602  1.3245  0.645 
Parallel 
to grain  8.40  0.0466  ‐0.0749  1.1095  0.0072  0.4185  0.6810  0.602  1.3245  0.707 
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